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Abstract 
Response surface methodology (RSM) with central composite design (CCD) was applied to optimize hydrolysis 
conditions of water-hyacinth stem (WHS). Firstly, the effects of reaction time (h), % diluted H2SO4 concentration 
(v/v) and shaking speed (rpm) for hydrolyze WHS were investigated. The optimum condition for WHS hydrolysis 
was reaction time of 7.73 h, H2SO4 concentration of 1.31 % (v/v) and stirring speed of 264.41 rpm in which a 
maximum total sugar of 13 g/L was obtained. Secondly, the hydrolysate WHS obtained from the optimum hydrolysis 
condition was further used as the substrate for hydrogen production by heat-treated anaerobic sludge. Results showed 
that the maximum HP of 127. 6 mmol H2/L was obtained. 
 
© 2015 The Authors. Published by Elsevier Ltd. 
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Biohydrogen is promising alternative fuel to replace fossil fuels due to the increasing of renewable 
energy, damaging of climate and environmental, depletion of fossil or petroleum fuel. Dark fermentative 
of hydrogen production process is more attractive due to its sustainable and less energy intensive 
compared to thermo-chemical and electro-chemical processes [1]. Biohydrogen is conventionally 
produced from substrate containing high amount of carbohydrates such as sugarcane, starch, corn, etc [1, 
2]. However, use of these substrates significantly increases the cost of biohydrogen. Therefore, interest in 
second generation processes, i.e. processes utilizing lignocellulosic materials such as sugarcane bagasse, 
straw and corn stover has emerged.  
Water-hyacinth (Eichhornia crassipes), is a free floating aquatic weed, which is a widely prevalent 
aquatic weed in Thailand [3, 4], constitutes a potential biomass resource for various uses [5]. Daily 
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average water-hyacinth biomass productivity is 0.26 ton of dry biomass per hectare in all seasons [5]. Due 
to its fast growth and the robustness of its seeds, water-hyacinth has caused many problems in the whole 
river area, i.e. a reduction of fish [6], physical interference with fishing. The most common use of water-
hyacinth is raw material for composting and substrate for biogas [7] and bioethanol production [5, 8]. 
Water-hyacinth consists of three main fractions i.e., cellulose, hemicellulose and lignin. It has a high 
content of hemicellulose (30-55% of dry weight), which further pretreated and obtained hemicellulosic 
sugars as a by-product [9]. Dilute acid treatment of hemicellulose fraction in water-hyacinth yields a 
solution containing mainly xylose and glucose [10]. Glucose and xylose were reported as a substrate for 
producing hydrogen by various types of microorganisms [10,11] and mixed culture [12] , respectively.  
In this study, RSM with CCD was used to optimization of hydrolysis condition of WHS at room 
temperature in order to obtain a suitable WHS hydrolysate for producing hydrogen. The secondly, 
hydrogen production from WHS was investigate.   
2. Materials and methods  
2.1 Anaerobic seed sludge and inoculum preparation  
The anaerobic granules obtained from upflow anaerobic sludge blanket (UASB) reactor were used as 
seed inoculum for hydrogen production. This UASB reactor was used to produce biogas from wastewater 
of cassava starch production process (Kalasin province, Thailand). The UASB granules were boiled at 
100 OC for 2 h to inactivate the hydrogentrophic methanogens. The hydrogen producing bacteria in 
UASB granules were enriched.  
2.2 Water-hyacinth pretreatment  
Fresh WHS was collected from Lopburi River (Lopburi province, Thailand) and washed with tab 
water to remove adhering dirt. Prior to use, WHS was chopped in small pieces, air dried and milled before 
storing at room temperature. WHS consists of (all in % (w/ wet weight)): cellulose, 27.55±0.81; 
hemicelluloses, 39.83±2.04; lignin, and 14.96±0.17.  
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2.3 Optimization dilute acid hydrolysis of WHS for total sugar production  
The dried powder of WHS approximately 15 g dry weight were added into the 250 ml flask containing 
150 ml of dilute H2SO4 (solid (g dry weight) to liquid (mL) ratio of 1:10) and incubated in the incubator 
shaker at room temperature. CCD was applied to find out the effects of these variables. Investigated 
variables were reaction time (h), H2SO4 concentration (v/v) and shaking speed (rpm). The levels of 
variables used for optimization hydrolysis were presented in Table 1. After hydrolysis, a solid residue was 
separated from the liquid phase (hydrolysate) by filtration through a thin layer cloth. Prior to being used 
as the substrate for hydrogen production, the hydrolysate was heated at 100 ºC for 15 min in order to 
remove or reduce the concentration of volatile components (furfural and phenolic compounds) [5, 9].The 
pH of acid hydrolysate was then adjusted to 10 by a combination of solid Ca(OH)2 and 0.1% sodium 
sulfite. The precipitate was removed by filtration through a thin layer cloth. The resulting filtrate was then 
re-acidified to pH 6.0 [5, 9]. and was concentrated at 70 ºC. The composition of the hydrolysate was 
analyzed and the hydrolysate from optimum condition was further used as substrate for biohydrogen 
production. 
2.4 Bio-hydrogen production in the optimization dilute acid hydrolysis of water-hyacinth experiment  
Bio-hydrogen production in batch experiment was conducted in 100 mL serum bottles with a working 
volume of 60 mL. The hydrogen production medium contained with WHS hydrolysate, seed inoculum, 
and inorganic nutrients solution [13]. The initial pH of substrate was adjusted to 5.5. The serum bottles 
were tightly sealed with rubber septa and aluminum caped. The headspaces of bottles were purged with 
nitrogen gas for 5 min to ensure anaerobic condition. The serum bottles were incubated at the shaking 
speed of 150 rpm in an orbital shaker at room temperature (30±2ºC). At each time interval, the volume of 
biogas was measured by plunger displacement method [14]. All treatments were carried out in duplicate.  
1 
2.5 Analytical method 
Hydrogen content in biogas compositions were determined by GC (Shimadzu 2014, Japan) equipped 
with a thermal conductivity detector (TCD) and a 2 m stainless column packed with Unibeads C (60/80 
mesh). The GC-TCD condition was set according to Saraphirom and Reungsang [15].  
 
Table 1. Full factorial CCD matrix of hydrolysis reaction time (h) (X1), % diluted H2SO4 concentration (v/v) (X2), and shaking speed (rpm) (X3) for hydrolysis of WHS      
condition on total sugar and inhibitor concentration  
 





hydrolysis reaction time (h)  
(X1) 
% diluted H2SO4 
concentration (v/v) (X2) 
shaking speed 
(rpm) (X3) 
Code Real Code Real Code Real  Acetic acid Furfural 
1 0.00 7 0.00 2 1.68 334.09 12.89 6.54 0.00 
2 0.00 7 0.00 2 0.00 250 12.82 17.70 17.69 
3 -1.68 5.32 0.00 2 0.00 250 10.12 5.98 24.18 
4 -1.00 6 -1.00 1 -1.00 200 7.23 4.81 0.00 
5 1.00 8 1.00 3 1.00 300 11.37 9.10 0.00 
6 1.00 8 1.00 3 -1.00 200 9.00 0.76 0.00 
7 0.00 7 1.68 3.68 0.00 250 11.92 6.71 0.00 
8 0.00 7 0.00 2 0.00 250 12.18 7.46 3.34 
9 1.68 8.68 0.00 2 0.00 250 12.83 4.71 0.00 
10 1.00 8 -1.00 1 -1.00 200 6.55 5.71 40.74 
11 0.00 7 0.00 2 -1.68 165.91 8.39 6.85 35.72 
12 0.00 7 0.00 2 0.00 250 12.72 9.74 39.54 
13 -1.00 6 1.00 3 -1.00 200 10.27 5.39 2.69 
14 0.00 7 0.00 2 0.00 250 12.17 5.82 0.00 
15 0.00 7 -1.68 0.32 0.00 250 7.11 6.12 0.00 
16 -1.00 6 -1.00 1 1.00 300 7.43 2.53 0.00 
17 0.00 7 0.00 2 0.00 250 12.59 16.84 0.00 
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18 1.00 8 -1.00 1 1.00 300 11.26 4.27 0.00 
19 -1.00 6 1.00 3 1.00 300 10.98 4.00 0.00 
20 0.00 7 0.00 2 0.00 250 12.61 8.88 0.00 
 
3. Results and discussion  
3.1 Optimization of hydrolysis reaction time (h), % of diluted H2SO4 concentration (v/v) and shaking 
speed (rpm) for hydrolyze of WHS on total sugar and inhibitor concentration   
RSM with CCD was used to optimize the hydrolysis condition of WHS. The design matrix of the 
variables in the coded and real units was depicted in Table 1 with the experimental values of total sugar 
and inhibitors concentrations as responses. The observed values of total sugar and inhibitors 
concentrations obtained from each condition are summarized in Table 1. Our results showed that the 
increase in H2SO4 concentration, reaction time and the shaking speed to the optimum level increased the 
total sugar concentration. An increase in acid concentration, reaction time and shaking speed in the acid 
pretreatment provides strong or complete reaction for the solubilization of the lignocellulosic material 
components leading to an increase in the total sugar concentration in the hydrolysate [16–19]. However, a 
further increase in the H2SO4 concentration and reaction time resulted in a decrease in total sugar 
concentration. A long reaction time and high acid concentration might result in the secondary 
decomposition of the sugars to other derivatives such as hydroxymethyl furfural, formic acid, and 
levulinic acid [16–19]. It’s could result in the reduction of sugar concentrations in the hydrolysate.  
Results from regression analysis indicated that the optimum acid hydrolysis condition was 7.73 h of 
reaction time, 1.31 % (v/v) of H2SO4 concentration and 264.41 rpm of stirring speed. The maximum total 
sugar of 13 g-total sugar/L was obtained at these conditions. At these conditions, the inhibitors include 
furfural and acetic acid was quite low (data not show). Then the hydrolysate obtained from these optimize 
conditions was further used as the substrate in the biohydrogen production experiment. Biohydrogen 
production from optimized acid pretreatment of WHS by anaerobic mixed cultures was investigated. The 
maximum HP of 127.6 mmol H2/L (data not shown) was obtained at optimized WHS hydrolysate. 
 
4. Conclusion  
 
The RSM with CCD was applied to optimize factors affecting acid hydrolysis of water-hyacin stem for 
hydrogen production in a batch fermentation scale. The optimum condition for WHS hydrolysis was 
reaction time of 7.73 h, H2SO4 concentration of 1.31 % (v/v) and stirring speed of 264.41 rpm in which a 
maximum total sugar of 13 g/L was obtained. A maximum HP of 127.6 mmol H2/L was obtained under 
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